ABSTRACT. 17-α-methyltestosterone (MT) is a synthetic hormone used in fish hatcheries to induce male monosex. Snails hold promise as possible test models to assess chemicals acting on the endocrine system. Biomphalaria glabrata is an aquatic gastropod mollusk (Pulmonata, Planorbidae) that can be easily maintained in aquaria, predisposing the species for use in ecotoxicological testing. This study evaluated the reproductive effects of MT on B. glabrata by examining histological changes and its reproductive performance. Ten snails per group were exposed for 4 weeks to different concentrations of MT (0.01, 0.1, and 1.0 mg/L). The total number of laid eggs, egg mass per group, size of type V oocytes, and production of spermatozoids were determined. Reproduction of B. glabrata was affected by MT. At the lowest concentration (0.01 mg/L), MT caused a statistically significant increase in the number of egg mass per snail compared with controls unexposed to MT. Histopathology analyses showed an increase in the sperm production at the higher MT concentrations of 0.1 and 1.0 mg/L. Chromatographic analyses of water samples showed that MT concentrations rapidly declined within a 96-h period. These results highlight the importance of giving more support to regulatory authorities, since MT is not registered for use on fish hatcheries in many countries around the world. Wastewater from fish farms discharged into aquatic ecosystems should be monitored for MT residues, since its presence could compromise the reproduction of other native snail species.
INTRODUCTION
Xenobiotics in the environment have been shown to induce adverse effects in animals and humans by interfering with endocrine functions. These effects include increased frequencies of sex hormone-dependent cancers (breast, testis, prostate, etc.) , genital abnormalities, premature puberty in females, and increased occurrence of endometriosis in humans (Gist, 1998; Swan et al., 2000) .
The androgenic effects of environmental endocrine-disruptor chemicals on aquatic organisms have received increased attention, since these organisms are the target of chemicals that induce sexual reversion (Papoulias et al., 2000) . One such chemical, 17-α methyltestosterone (MT), is a synthetic hormone used in fish hatcheries to induce anabolic and androgenic effects (Vick and Hayton, 2001) , including sexual reversion in cultivated fish species. MT is widely used as a reference chemical to induce male monosex and is considered an endocrine disrupter in fish (Smith, 1974; Pandian and Sheela, 1995; Ankley et al., 2001; Zerulla et al., 2002; Arslan and Phelps, 2004; Pawlowski et al., 2004; Hornung et al., 2004; Kang et al., 2008; Grisolia et al., 2009) . Accordingly, there is a concern about, and resistance to the use of these hormones in food production, and more efforts should be made to better understand how androgenic chemicals used in aquaculture adversely affect wildlife.
In aquatic environments, invertebrates represent more than 90% of the species in these environments (Jha, 1998) . Gastropod mollusks appear to be a reliable invertebrate model for evaluations of xenobiotics, enabling analysis of successive stages of their lifecycle for assessing the ecological impact of chemicals (Gourmelon and Ahtiainen, 2007) . Mollusks are effective sentinels because they are ubiquitous, have highly conserved regulatory pathways, and are sensitive to anthropogenic inputs (Gupta and Singh, 2011) .
Typical responses of mollusks to androgens include the development of imposex (occurrence of male sex characteristics superimposed on female gastropods) and a reduction of fertility or embryo production in the freshwater mudsnail (Potamopyrgus antipodarum), the freshwater ramshorn snail (Marisa cornuarietis), and the marine netted whelk (Nassarius reticulates) (Duft et al., 2007) . Disturbances in their metabolism, development, and reproduction are of concern for the preservation of biodiversity in ecosystems. In fact, the reproduction of aquatic organisms is one of the endpoints currently employed to evaluate the effect of toxicants (Gomot, 1998; Cheung and Lam, 1998; Cervera et al., 2004; Coeurdassier et al., 2003 Coeurdassier et al., , 2004 Coeurdassier et al., , 2005 . The use of mollusks as test organisms is becoming widespread, since they are able to accumulate contaminants and facilitate the detection of minute amounts of trace contaminants (Elder and Collins, 1991) . Biomphalaria glabrata is sensitive to bisphenol A and phthalates, which promote endocrine disruption and increase oviposition (Iqbal and Sinha, 2011) . However, few studies have been performed assessing the possible effects of MT on invertebrates like B. glabrata, such as effects on reproduction. Freshwater mollusks of the genus Biomphalaria are distributed all over the word and considered to be good indicators for biomonitoring studies (Abd-Allah et al., 1999; Nakano et al., 2003; Ansaldo et al., 2006) .
The present study was designed to test the hypothesis that MT may affect crucial stages of the reproductive cycle of B. glabrata, i.e., number of eggs, egg mass, maturation of oocytes, and spermatozoid production.
MATERIAL AND METHODS

Test organism
B. glabrata (Mollusca; Gastropoda) is a tropical freshwater pulmonate snail found in Brazilian water bodies. It is a simultaneous hermaphrodite and can breed by self-and crossfertilization. At 25°C, egg laying generally starts when snails are approximately 2 months old, and young snails hatch between the 6th and 9th day after oviposition (Paraense, 1972) . Biomphalaria snails are easily bred and kept under laboratory conditions and have been shown to be sensitive to reproductive impairment caused by endocrine disruptors (Oliveira-Filho et al., 2009a,b) . All snails used in this study originated from a breeding stock of B. glabrata maintained at the Laboratory of Ecotoxicology of Embrapa Cerrados.
Test medium, test substances, and effective concentrations
All snails were kept in synthetic soft water (pH 7.2 ± 0.1, hardness 40-48 mg/L as CaCO 3 ) prepared as recommended by guidelines of the Brazilian Association for Technical Standardization (ABNT, 2004) . The hormone MT (90% purity) was purchased from Bioativa pharmacy (Paraná, Brazil). The nominal concentrations were prepared from a stock solution (23 mg/L) by dissolving MT in absolute ethanol (density 0.790-0.793 g/cm 3 at 20°C; 99.9% purity from Merck). MT was added in absolute ethanol (0.005 mL) to reach a concentration of 0.001% ethanol in water.
Chemical analysis of MT in water
Fifty-milliliter samples of water containing MT at concentrations of 0.01 and 1.0 mg/L were collected at the beginning and end of the first week of each experiment to evaluate MT degradation under laboratory conditions; samples were stored at 4°C. The analytical method used for determining MT was an adaptation of the method by Falone (2007) for analysis of MT in water samples and sediments from fish farms. Solid-phase extraction was carried out by using cartridges with silica-gel stationary phase chemically bonded to the nonpolar organic group C18. The cartridges of polypropylene syringes (AccuBondII -Agilent Technologies) contained 1000 mg of stationary phase and had a volume of 6 mL. Conditions for solid-phase extraction were the following: C18 -cartridge methanol/water (1:1, v/v), ethanol as solvent for eluting the analyte, a volume of 5 mL solvent for extraction, and a final volume of 3 mL con-taining the analyte. After performing extraction of the water samples, high-performance liquid chromatography was used for quantifying MT (Perkin Elmer series 200). Chromatographic conditions were as follows: an injected volume of 20 μL, C18 -octadecylsilane as stationary phase, flow rate of 0.4 mL/min, and UV-Vis detection at a detection wavelength of 236 nm. The mobile phase was methanol/water (80:20, v/v) run as an isocratic gradient. The retention time of MT was 11.6 min at room temperature. Chromatographic standard was previously determined by using a reference MT (Sigma) to show the retention time between 12 and 13 min.
Experimental design
This study evaluated the effects of MT on the fecundity of mature B. glabrata. Threemonth-old snails were individually incubated for 4 weeks in glass vessels of 300 mL under controlled environment conditions (25° ± 1°C and light/dark cycle of 16/8 h). The test solutions were renewed twice weekly and snails were fed with fresh lettuce leaves grown without pesticides (the size of each piece was approximately 1 cm 2 ) and a small flake of commercial fish chow. Snails (N = 10 per group) were exposed to water containing MT according to the following treatments: 1) synthetic soft water (negative control), 2) MT at 0.01 mg/L, 3) MT at 0.1 mg/L, and 4) MT at 1.0 mg/L. To recover egg masses laid by snails, glasses were internally covered with cellophane sheets as suggested by Olivier and Haskins (1960) and adapted by Oliveira-Filho et al. (2009a,b) . Cellophane sheets were changed twice weekly and numbers of eggs and egg masses per snail were recorded. Egg and egg mass production of snails were evaluated for 4 consecutive weeks, a time considered by Oliveira-Filho et al. (2009a,b) as sufficient for the observation of reproductive effects on snails.
After incubation with and without MT, 50 snails were anesthetized with lidocaine gel, the shell removed, and soft bodies fixed with Davidson solution for 24 h; this was followed by transfer to 70% ethanol and embedding in paraffin using an automatic tissue processor (OMA ® DM-40, São Paulo, Brazil). Specimens were cut into 5-mm sections using a Leica RM2235 manual microtome (Leica Microsystems, Nussloch, Germany) and stained with hematoxylineosin for histological analyses by light microscopy. Oocytes were classified into 5 stages according to the maturation scale by Wallace and Selman (1981) . Morphometric analyses were performed with the Image-pro Plus 5.1 software. Thirty oocytes at stage V (mature oocytes) of each treatment were analyzed for the completion of vitellogenesis and the diameter of the oocytes (Homklin et al., 2011) . Quantification of sperm was performed with the same program. Photomicrography at a magnification of 400X was performed for sections of negative control and MT-exposed snails. Ten seminiferous tubules from the proximal portion of gonads were selected to calculate the area occupied by sperm in gonads to evaluate whether addition of MT stimulated or inhibited the growth of the reproductive system.
Statistical analysis
Differences in the number of produced eggs and egg masses between the tested groups and the control group were evaluated by one-way ANOVA followed by the Dunnett multiple comparison test (Dunnett, 1955) . The Dunnett procedure software (Version 1.5) was available from the United States Environmental Protection Agency. The GraphPad Prim 5.0 software was used to analyze oocyte and spermatozoid data, and possible statistically significant dif-ferences between the groups were analyzed by ANOVA for data having a normal distribution or the Kruskal-Wallis test for data lacking a normal distribution, followed by Bonferroni or Mann-Whitney-U post hoc tests, respectively.
RESULTS
Reproductive performance
The effects of a 4-week exposure to MT on the fecundity of B. glabrata are shown in Figure 1A and B. Exposure to MT at all concentrations tested for 4 weeks did not cause any significant differences in the number of eggs produced per snail compared with the control group or with the ethanol group. On the other hand, at the lowest concentration of 0.01 mg/L, MT caused a statistically significant (P < 0.05) increase in the number of egg masses per snail (26.9 ± 1.5; mean ± SE) compared with the control (20.1 ± 2.6) and ethanol (17.0 ± 1.6) groups. Ethanol used as solvent did not cause toxicity in B. glabrata in the treatments: no deaths occurred in any of the groups. 
Histological and morphometric analysis of mature oocytes and sperm
Histopathological changes were observed at 0.01 mg/L MT, indicated by early degeneration of the basal membrane surrounding the acinus, and by regression and detachment of germ cells (Figure 2) . At the exposure level of 0.1 mg/L, these alterations were persistent. In general, the gonad acini degenerated by forming a lumen, which could be observed as damaged connective tissue and by a compression causing the process of metaplasia that fused the basal membrane with the acinus. The morphology of oocytes was changed in the same process that causes atresia. At 1.0 mg/L MT, disruption of the basal membrane surrounding the acini was observed. The MT stimulated a large production of sperm; however, the oocyte production was maintained at normal level. Table 1 shows that the sizes of the mean areas of the mature oocytes were not statistically different from those in the control groups. In the sperm areas, the morphometric analyses showed a significant increase in sperm production at concentrations of 0.1 and 1.0 mg/L MT, compared with the water-control group. On the other hand, no such difference was observed between the MT-treated groups and the solvent-control group. Chromatographic analyses of water samples collected from glass vessels at the beginning and end of the first week indicated that at the lowest concentration level of 0.01 mg/L, MT degradation was 99.6% (Figure 3) , whereas at 1.0 mg/L, 81.7% of the hormone was no longer detectable in water (Figure 4) . Spermatozoids (µm) Oocytes ( 
DISCUSSION
In a previous study, sexually mature Limnaea stagnalis snails were exposed to MT for 8 weeks. MT did not affect the fecundity measured as number of egg masses produced, but at 100 ng/L, MT exposure triggered degenerative processes of the albumen and prostate glands (Czech et al., 2001 ). Females of the freshwater ramshorn snail Marisa cornuarietis exposed to 300 ng/L MT had a significantly higher incidence of imposex than controls (Janer et al., 2006) . Our results showed that MT did not cause toxic adverse effects on the invertebrate B. glabrata at the exposure time. However, MT affected B. glabrata reproduction, especially at the lowest concentration of 0.01 mg/L, increasing egg mass production (P < 0.05) to levels similar to the solvent control group (Figure 1) . Stress-induced altering of endocrinal regulation of foraging/ feeding behavior through exposure to compounds affecting endocrinal processes can have strong repercussions on the ecology of aquatic invertebrate populations and requires further ecotoxicological investigations.
As recommended by Smith (1974) , the ethanol concentration used in our experiments did not exceed 0.001%. Ethanol used as a solvent in reproductive assays on invertebrates is sometimes controversial, because some authors recommend that the maximum concentration of ethanol does not exceed 20 µL/L, whereas others report no interference in reproduction of invertebrate species at an ethanol concentration of 100 µL/L (Hutchinson et al., 2006) . It was observed that MT associated with ethanol might have stimulated sperm production and reproduction as judged by comparison with unexposed controls. Results of the solvent control group showed that B. glabrata exposure to a concentration of 0.001% ethanol might have influenced its reproductive performance, stimulating the egg masses at the lowest concentration of 0.01 mg/L and increasing sperm production at higher concentrations of 0.1 and 1.0 mg/L when compared to the water control. In our previous study with B. tenagophila, ethanol was tested at concentrations of 19.8, 198.0, and 1980.0 mg/L (corresponding to 0.0025, 0.025, and 0.25%, v/v) . This resulted in a reduction of fecundity in F0 and F1 at ethanol levels of ≥198.0 mg/L and drastically reduced hatching of F2 embryos (Oliveira-Filho et al., 2009a) . Hana et al. (2008) diluted testosterone propionate at 0.83 and 0.89 g per 30 mL ethanol to carry out genotoxic and reproductive assays on mice. In discussing their results, the authors do not refer to any kind of interference of ethanol in these assays. Janer et al. (2006) tested the effects of testosterone on reproduction of the freshwater ramshorn snail Marisa cornuarietis. Testosterone was added in absolute ethanol at a final concentration in water of 0.001%, and snails were exposed to these agents for 50, 100, and 150 days. These authors also do not note any interference of ethanol in their results. However, according to our results, ethanol can interfere with the reproductive performance of B. glabrata. The stimulation of egg mass and sperm production observed in the ethanol control group and at the highest concentrations of 0.1 and 1.0 mg/L may be related to a carrier effect of the ethanol solvent, facilitating the entry of MT into snail cells. In terms of environmental risk assessment, we might consider that MT used to feed fish larvae on fish farms could also contain residues of ethanol, so by using ethanol we have tested what may be occurring in the field. On fish hatchery, MT is commonly dissolved in ethanol before application.
MT and metabolites discharged into receiving waters are expected to undergo biotransformation. Evidence for such transformation was present in our chromatographic analyses to monitor the fate of MT during our experiments: within a week, MT was almost completely degraded under our conditions. Degradation of MT in natural conditions is expected to be faster because of biodegradation and photodegradation.
In conclusion, MT affected the reproductive performance of B. glabrata, a non-target species. Exposure of B. glabrata to MT did not alter oocyte maturation, but it influenced sperm production and number of egg masses produced. Synergism between MT and the solvent ethanol may have induced these effects and both are used in field applications. These results highlight the importance of providing more information to regulatory authorities, since the MT hormone is not registered for use on fish hatchery in many countries around the world. Chromatographic analyses of water samples indicated that MT was rapidly degraded within 1 week in laboratory conditions and in the absence of replenishment. This suggests that the potential reproductive risks of MT could be related to the rate of its consumption and degradation. Fish hatchery effluents discharged into aquatic ecosystems should be monitored for MT residues, since MT could compromise the reproduction of many native snail species.
